Introduction
Genomic integrity relies on the faithful repair of DNA damage such as double-strand breaks (DSBs) (van Gent et al., 2001) . Chromosomal DSBs are formed during normal metabolic processes including DNA replication and antigen receptor rearrangement in developing lymphoid cells. DSBs also result following exposure to irradiation, alkylating agents, and topoisomerase II inhibitors that are common therapies in the treatment of human cancers. These therapies create a high risk for chromosomal rearrangements as cells attempt to repair the DNA damage, such that secondary (or therapyrelated) leukemia and lymphoma occur in 1-15% of patients exposed to DNA-damaging agents as part of their initial treatment (Super et al., 1993; PedersenBjergaard and Rowley, 1994) .
In mammalian cells, DSBs are repaired by mechanisms that require significant tracts of the homologous sequence, and also by nonhomologous endjoining (NHEJ) mechanisms (Liang et al., 1998) . At least two homologous repair mechanisms have been defined: homologous recombination by gene conversion (HR) and single-strand annealing of complementary DNA strands (SSA). DSB-induced HR occurs preferentially between sister chromatids during the S/G2 phases of the cell cycle (Johnson and Jasin, 2000) , although it can also involve nonidentical repeat sequences (Tremblay et al., 2000) . Significantly, HR-associated rearrangements involving Alu elements, the most abundant class of dispersed repeat sequences in the human genome, have been associated with genetic diseases and tumorigenesis (Antonarakis et al., 2002) .
HR in mammalian cells requires members of the RAD52 epistasis group of proteins (van Gent et al., 2001) , including Rad51 that forms nucleoprotein filaments on single-stranded DNA and mediates homologous pairing and strand exchange between homologous DNA duplexes (Baumann et al., 1996; Stark et al., 2002) . Rad51 is expressed in proliferating cells with the highest expression in S or S/G2 (Yamamoto et al., 1996; Chen et al., 1997; Xia et al., 1997) . The central role of Rad51 and HR in genomic integrity is strongly supported by mouse knockouts of Rad51 which result in early embryonic lethality (Lim and Hasty, 1996; Tsuzuki et al., 1996) , and the inducible loss of Rad51 expression in chicken cells that leads to chromosome breaks, aberrations, and cell lethality (Sonoda et al., 1998) .
Despite its role in maintaining genomic integrity, it has been proposed that the aberrant increase in Rad51 expression found in tumor cells may contribute to genomic instability by stimulating aberrant recombination between short repetitive elements and homologous sequences (Xia et al., 1997; Flygare et al., 2001; Raderschall et al., 2002a) . In support of this, increased levels of Rad51 protein are observed in primary patientderived chronic myelogenous leukemia (CML) cell lines with higher expression in cells in blast crisis, a phase of the disease marked by increased genome instability and multiple chromosome rearrangements (Slupianek et al., 2001) . However, elevated levels of Rad51 could simply reflect the high proliferative capacity of these cells.
To directly determine the consequence of elevated levels of Rad51 during DSB repair, we used a defined genetic system based on the rare-cutting endonuclease I-SceI, to introduce DSBs at predetermined genomic locations on two different chromosomes (Richardson and Jasin, 2000b) . Following the induction of DSBs with a transient increase in Rad51 protein, analysis of homologous recombinants revealed a novel class of products involving a HR mechanism associated with an exchange of flanking markers consistent with crossing over that, by definition, leads to a translocation. This outcome was previously undetectable during DSB repair in normal cells (Richardson and Jasin, 2000b) . Further, transiently elevated levels of Rad51 promoted genome instability, particularly aneuploidy (both gain and loss of chromosomes), in those cells that sustained I-SceI DSBs. These data provide a strong link between the increased levels of Rad51 observed in tumor cells and chromosomal instability associated with tumor progression.
Results
To determine the consequence of increased Rad51 during DSB repair, we used a genetically engineered mouse embryonic stem (ES) cell line that contains two defective neomycin phosphotransferase (neo) genes, each containing a cleavage site for the rare-cutting yeast endonuclease I-SceI, targeted to loci on chromosomes 14 (chr.14) and 17 (chr.17) (parental line FN2, Figure 1 ). Homologous repair involving the two neo genes can result in the formation of a neo þ gene which confers G418 resistance. Previous studies demonstrated that two I-SceI-induced DSBs in the FN2 ES cells led to frequent reciprocal translocations (absolute frequency of 1 per 10 000 plated cells) (Richardson and Jasin, 2000b) . Molecular analyses of those experiments indicated that all translocation events occurred by homologous repair via a SSA mechanism coupled to NHEJ, rather than by the involvement of a HR mechanism, such as gene conversion with an associated crossover (compare mechanisms A and B in Figure 1 ).
To directly determine if elevated levels of Rad51 protein promote chromosomal translocations in this system, Rad51 levels were transiently elevated during DSB induction by electroporation of the FN2 cells with a hsRad51 cDNA expression vector pCBARad51 (Stark et al., 2002) , along with the I-SceI expression vector pCBASce. We estimated the transfection efficiency at 65-75%, as determined by analysis of GFP-expressing FN2 cells 24 h postelectroporation of a GFP expression vector (data not shown). Western blotting indicated elevated levels of Rad51 protein in whole-cell extracts with 2-4-fold increase in the normal level of Rad51 protein (Figure 2a ). That detectable Rad51 protein declined to baseline by 72 h post-transfection demonstrated that elevated levels of Rad51 protein were transient and maximal during DSB induction (data not shown; P Romanienko and M Jasin, unpublished).
Rad51 activation in mammalian cells is often characterized by relocalization of diffuse Rad51 protein into discrete foci in the nucleus following DNA damage (Haaf et al., 1995) and in S phase, likely due to endogenous breaks during replication (Scully et al., 1997) . Nuclear Rad51 foci were visualized by cellular immunofluorescence using a FITC-conjugated antiRad51 antibody (Figure 2b) . At 12-24 h following transient transfection of Rad51 and I-SceI, 57% of cells contained Rad51 nuclear foci, compared against parental FN2 cells. In agreement with our estimate Figure 1 Structure of parental and DSB-induced recombinants. The F allele contains S2neo in the pim-1 locus on chr.17 and the N2 allele contains N2neo in the Rb locus on chr.14. I-SceI sites disrupted the S2neo and N2neo genes at NcoI (F allele) and EagI (N2 allele) sites, respectively, which are 0.53 kb apart. DSB-induced gene conversion to produce a neo þ recombinant will convert the ISceI site to an NcoI (F allele) or EagI (N2 allele) site. In a reciprocal translocation, both F/N2 and N2/F chromosomes are formed either by coupling of SSA and NHEJ (repair mechanism A) or by HR, for example, a gene conversion associated with crossing over (repair mechanism B). With both mechanisms, the F/N2 allele will contain a full-length neo gene detected by a 4.0 kb band in Southern blot analysis and 3.3 kb band by PCR. However, the structure of the N2/F allele depends on the repair mechanism used. Following SSA and NHEJ (mechanism A), the N2/F allele will contain sequences from the distal 5 0 and 3 0 ends of the neo gene, with length dependent on the amount of processing prior to ligation of the ends. Following minimal deletion, the N2/F allele will give a 5.3 kb band in Southern blot analysis and 2.4 kb band by PCR. Following HR, for example, a gene conversion associated with crossing over (mechanism B), the N2/F allele will contain a full-length neo gene detected by a 5.9 kb band in Southern blot analysis and 2.9 kb band by PCR. In a STGC event, both alleles resemble the parental configuration, except that the I-SceI site is converted to an NcoI (F allele) or EagI (N2 allele) site. In a LTGC event, the conversion extends either downstream (F allele) or upstream (N2 allele) of the I-SceI site and then rejoins the original chromosome such that the entire chromosome is either F/N2/F or N2/F/N2 (not shown). SII-SacII, BII-BglII, N-NcoI, E-EagI Rad51-induced genome instability C Richardson et al of a moderate induction of Rad51 protein by Western blotting, we did not observe any cells with higher order Rad51 aggregates, as observed by others after acute overexpression of Rad51 (Raderschall et al., 2002b) .
Resistance to G418 was used to select for restoration of neo gene function at either of the two alleles after DSB repair. Following electroporation of pCBASce and pCBARad51, neo þ colonies were obtained at a frequency of 2.4 Â 10 4 per viable cell, which was not significantly different from the overall frequency obtained following electroporation of pCBASce alone (2.3 Â 10 4 per viable cell). Similarly, no difference in intrachromosomal recombination frequency was observed with elevated Rad51 in ES cells (Stark et al., 2002) . By contrast, cells transfected with Rad51 alone did not give neo þ recombinant clones (o5 Â 10 À8 per viable cell).
To determine if increased Rad51 protein levels alter the spectrum of interchromosomal recombination products, we used Southern blotting to characterize genomic DNA from 197 neo þ clones in three independent experiments (Table 1) . Similar to data following electroporation of pCBASce alone (Richardson and Jasin 2000b ; data not shown), the majority (148 clones; 73% of total) had undergone interchromosomal recombination by gene conversion between the neo heteroalleles, without reciprocal exchange of flanking markers. In 117 of these (58% of total), the conversion tract was limited to the neo homology region (short-tract gene conversion or STGC; see Figures 1 and 3a) , although in the other 31 clones (15% of total), the conversion tract extended into nonhomologous sequences adjacent to the neo homologies (long-tract gene conversion or LTGC; data not shown). The lack of gross chromosomal rearrangements or abnormal karyotypes in all LTGC clones, as well as a subset of STGC clones, was verified by fluorescence in situ hybridization (FISH) of metaphase spreads, using whole chromosome paints specific for chr.14 and chr.17 (data not shown). Thus, the frequency of DSB-induced gene conversion events obtained is not changed significantly by the transient increase of Rad51 protein.
Of the remaining neo þ clones, 50 (27% of total) exhibited reciprocal exchange of flanking markers originating within the neo gene segments. These events were identified by Southern blotting and by PCR using primers that flank the breakpoint junctions. The majority (39 of 50 events) had events consistent with SSA and NHEJ ( Figure 1 , repair mechanism A) to produce translocations similar to those produced after electroporation of pCBASce alone (Richardson and Jasin, 2000b) . In these clones, the F/N2 allele was the size predicted for an intact neo þ gene flanked by F and N2 markers, as identified by a 4.0 kb band upon Southern blotting and by a 3.3 kb PCR product (Figures  1 and 3 ; clones #24, #74, #18, #50, #27). The reciprocal N2/F allele varied in size, representing a deletion of at Results from CBASceI (n ¼ 216) are the average from three control parallel experiments (n ¼ 173) and results published previously (n ¼ 43).
b P-values were determined by Fisher's exact test, comparing the number of events in I-SceI alone and I-SceI with Rad51 expression in the total pool of clones from all experiments.
c Of the clones with additional chromosome aberrations, the one clone from experiment #1 was an apparent CO or SSA-gap repair event, while the remaining three clones from experiments #2 and #3 were SSA-NHEJ events Rad51-induced genome instability C Richardson et al least 535 bp where the other two broken ends were joined by NHEJ. The largest N2/F band detected by Southern blotting was 5.3 kb, and the largest PCR product amplified was 2.4 kb, consistent with a deletion of just the neo overlap sequences between the two DSBs (Figures 1 and 3 ; clones #24 and #74; data not shown). FISH confirmed that these events were reciprocal translocations. In several clones, although an F/N2 allele was detected by Southern, PCR, and FISH analyses, the reciprocal N2/F allele was only observed by FISH analysis suggestive of a larger deletion at the site of repair (Figure 3 , clones #50, #27; data not shown). Sequencing of the breakpoint junctions from four of the clones further verified that they arose by a coupling of SSA and NHEJ. Thus, most translocations had structures similar to the repair events previously stimulated by I-SceI alone (Richardson and Jasin, 2000b) . Notably, transient overexpression of Rad51 during the induction of DSBs produced two new repair classes that were not previously observed. The first novel class included seven of the 50 translocations in three independent experiments (Table 1, Fisher's exact test, P ¼ 0.005). Based on Southern blotting and PCR analyses, this class demonstrated repair involving a novel HR event such as crossing-over at the two neo heteroalleles (Figure 1, repair mechanism B) . The sizes are consistent with full-length neo sequences and exchange of flanking markers at both the F/N2 and N2/F alleles. PCR gave a 3.3 kb neo þ F/N2 allele product and a 2.9 kb neo þ N2/F allele product (Figures  1 and 3 ; clones #40, #47, #73). FISH confirmed that these clones contained reciprocal translocations (Figure 4, data not shown) . Sequencing of the PCR products determined the fine structure of the neo sequences; two clones were neo þ on both alleles, while the third was neo þ on the F/N2 allele but deleted the I-SceI site and an additional flanking 13 bp on the N2/F allele.
The second novel repair class of DSB-induced recombinants obtained after transient overexpression of Rad51 included additional karyotypic abnormalities detected in four of the 50 translocation clones (Table 1, Fisher's exact test P ¼ 0.047). These clones were initially identified by aberrant band patterns detected by Southern blotting and PCR analyses (e.g. Figure 3 clones #22, #23). By contrast, no aberrant band patterns were detected in gene conversion events. FISH analysis on the aberrant clones revealed multiple chromosomal abnormalities not observed in the gene conversion events examined (Figure 4 ). Spectral karyotype (SKY) analysis further determined the nature of the observed karyotypic abnormalities. Clone #22 was hypertetraploid, contained an additional gain of chr.15, multiple t(14;17) events, and nonreciprocal t(Y;4) and t(Y;8) events (Figure 4d , e). Clone #35 had undergone a reciprocal translocation involving chr.17 in the region of the DSB and chr.2, as well as gain of chrs.1 and 14 (Figure 4f, g ). It is possible that the t(2;17) translocation observed here was promoted by a fortuitous DSB on chr.2; earlier studies examining recombination between interchromosomal substrates with limited homology produced a similar single reciprocal translocation (Richardson and Jasin, 2000a) . Clone #23 contained chromosome losses resulting in a nonreciprocal t(14;17) (Figure 4c ). SKY confirmed loss of chrs. 3, 7, 10, der17, 16, 16, 19, and 19 . However, there were nonclonal alterations in individual metaphase cells that included the missing chromosomes, suggesting ongoing genetic instability. The gain and loss of whole chromosomes in these clones suggest that aneuploidy arose by DNA repair or checkpoint failure mechanisms; the observed nonreciprocal translocations in clones #22 and #23 are not likely to be the result of break-induced replication to the telomere ends, since this mechanism is Rad51-independent (Malkova et al., 1996; Bosco and Haber, 1998) and was not observed without elevated levels of Rad51 (Richardson and Jasin, 2000b) .
Discussion
These data demonstrate that transiently elevated levels of Rad51 during DSB-induced interchromosomal recombination are sufficient to promote genome instability through the use of alternative repair pathways and the generation of abnormal karyotypes. These results Figure 1) . Pa, parental cell line. The upper band in clone #40 is of the same size as #47 and #73 on other blots, but may have run aberrantly here because of its end position on the gel. Genomic DNA in clone #47 is more intense relative to the other clones, and thus appears to have undergone an amplification Rad51-induced genome instability C Richardson et al are in sharp contrast to previous experiments with normal levels of Rad51 protein which did not lead to crossovers or additional instability, providing support for a direct role for Rad51 in promoting these events.
Significantly, a total of seven clones (14% of the translocation events from three experiments, P ¼ 0.005) had novel gene conversion associated with a the chromosomal exchange event to produce the translocation chromosomes. These novel events are consistent with a classic Holliday junction crossing-over mechanism, resulting in gene conversion associated with exchange of flanking markers (Figure 1 ). This mechanism was not previously observed in any of our experiments that examined recombination between heterologous chromosomes in wild-type ES cells (Richardson and Jasin, 2000a ). An alternative possibility is that this novel class arose by SSA followed by gene conversion involving gap repair, which would produce a similar structure to that shown in Figure 1 . In this case, the first full-length neo gene would form by SSA (F/N2 chromosome) and then one or both of the remaining broken ends destined to form the second full-length neo gene would copy sequences from the first neo gene to fill the 'gap' left by the deletion caused by the SSA event. The gap is 535 bp and would occur in lieu of NHEJ (Figure 1 ), presumably because of favorable Rad51 levels. Although gap repair events of this magnitude have been detected in yeast repair events (Szostak et al., 1983) and in mammalian cell gene-targeting experiments (Jasin and Berg, 1988) , to our knowledge, they have not been detected in chromosomal break repair experiments. In considering these two possible mechanisms, it is notable that none of these seven clones showed evidence of LTGC which might be expected to occur during gap repair, since LTGCs are frequent among the gene conversions (21%). Thus, although we cannot formally (f, g) Clone #35 contained multiple abnormalities. The dominant karyotype 41,X, þ 1,t(2;17), þ 14 is shown. A minor population (15% of metaphase spreads examined) contained an additional chromosome gain 42,X, þ 1,t(2;17), þ 6, þ 14 (not shown). Although endogenous Rad51 gene sequence is on chr.2, it is not in the region of the t(2;17) breakpoint, and is thus unlikely to be involved in the recombination event Rad51-induced genome instability C Richardson et al distinguish these mechanisms, these data demonstrate a novel class of HR translocation repair products with elevated Rad51 levels in which crossing over and/or gap repair is promoted. Recombination associated with crossovers facilitates segregation of homologous chromosomes during meiosis. However, the requirement for crossing over during mitotic cell division seems limited and crossovers are not generally detected, such that replication-based models have been proposed to describe the observed predominance of gene conversion recombination events (Nasmyth, 1982; Belmaaza and Chartrand, 1994; Gloor and Lankenau, 1998; Richardson et al., 1998; Paˆques and Haber, 1999; Johnson and Jasin, 2000; Stark and Jasin, 2003) . Thus, it seems that the formation (and resolution) of a Holliday junction may not be associated with most homologous repair events in mitotically dividing cells. Even in meiosis, a recent study provides evidence that noncrossover gene conversion products have a distinct timing and control from crossover products arising from Holliday junction resolution (Allers and Lichten, 2001) . LTGCs have been associated with crossover events in yeast (Aguilera and Klein, 1989) , and the new class of repair products produced in this system may also be mechanistically related to, or arise from, the LTGCs which show a slight decrease in frequency in the presence of elevated Rad51 levels, in contrast to the unaltered frequency of Rad51-independent SSA and NHEJ events (see Table 1 ). In addition, the overall frequency of gene conversion events was not affected by increased Rad51 levels (see Table 1 ), suggesting that the initial strand invasion by Rad51 is not rate-limiting for these novel products. Thus, Rad51 may normally be a limiting factor in mitotically dividing cells for the establishment of crossovers, a genome-destabilizing outcome to HR in many cases. Regulated Rad51 activity could limit the formation or resolution of a classical Holliday junction or some other structural intermediate important for crossing over. Elevated Rad51 may be sufficient to overcome the disruption of Rad51 presynaptic filaments by DNA helicases, as shown with Srs2 (Krejci et al., 2003; Veaute et al., 2003) . Consistent with this, the chromosomal instability we observed in this study is similar to the phenotypes of mutations in BLM and WRN helicases (responsible for Bloom's and Werners' syndromes) that have increased Rad51 foci in response to DNA damage, elevated HR, genome instability, and a predisposition to cancer (van Brabant et al., 2000; Wu et al., 2001) .
Others have shown that 2-4-fold increase in Rad51 protein levels stimulates gene targeting (Yanez and Porter, 1999) and intrachromosomal HR/crossovers (Xia et al., 1997; Vispe et al., 1998; Arnaudeau et al., 1999; Huang et al., 1999; Lambert and Lopez, 2000) , pathways that could involve similar structures and resolution. It remains unclear as to what threshold amount of active Rad51 protein in vivo is sufficient to stimulate strand invasion for levels of homologous gene conversion necessary for cell survival, what level is necessary to stimulate the unusual events we detect here, or how large increases in Rad51 protein levels (4-10 fold and greater) may lead to suppression of such events or promote apoptosis (Flygare et al., 2001; Kim et al., 2001) .
Multiple chromosomal abnormalities were also observed in four of the translocation clones from the three experiments. By contrast, neither parental cells nor clones repaired by gene conversion (STGC and LTGC) contained additional rearrangements involving chr.14 or chr.17, suggesting that cells that repair the induced DSBs to produce one rearrangement are more likely to produce additional chromosomal rearrangements or abnormalities, at least in this system. Interestingly, three of the aberrant clones had gains of whole chromosomes that carry proto-oncogenes, likely promoting their survival. For example, clone #22, as well as being tetraploid, contained one additional chromosome, a fifth chr.15 that contains myc, and myc overexpression promotes cellular proliferation, chromosomal translocations, and genomic instability, possibly through the disruption of DNA DSB repair (Grandori et al., 2000; Boxer and Dang, 2001; Karlsson et al., 2003) . Clone #35 gained both chr.1 that contains bcl-2, overexpression of which blocks multiple cell death pathways promoting transformation and tumorigenesis (Vaux et al., 1988; Cory et al., 1999) , and also chr.14 that contains a bcl-2 family member bcl-w (Bcl2L2) shown to promote survival of multiple cell types (Gibson et al., 1996) . In addition to the observed gross chromosomal abnormalities, the strong intensity of clone #47 hybrid N2/F and F/N2 alleles by Southern blotting (see Figure 3 ) may suggest that this system can also lead to gene amplification of sequences involved in the recombination repair event, although not detected by FISH or SKY.
The chromosomal instability characterized by a subset of the translocations suggests either defective centrosome function as observed in other DNA repair mutants (Morgan and Kastan, 1997; Kraakman-van der Zwet et al., 2002; Hut et al., 2003) or a 'tetraploidy checkpoint' failure (Andreassen et al., 2001; Borel et al., 2002) . Aneuploidy can result from disruption of chromosome segregation or cytokinesis during mitosis, and failure of resultant daughter cells to undergo a p53-or Rb-dependent arrest in the next G1 phase. Although mouse ES cells are deficient in the p53-dependent G1-S checkpoint in response to DNA damage (Aladjem et al., 1998; Corbet et al., 1999) , the status of this checkpoint has not been examined. Rad51 interacts with p53 (Sturzbecher et al., 1996; Buchhop et al., 1997) , and overexpression of Rad51 may abrogate p53-mediated arrest of these cells, leading to the aneuploidy and chromosomal instability observed in a subset of the translocations. That one clone was hyper-tetraploid further supports this mechanism. The resulting change in gene dosage by a gain of chromosomes that contain oncogenes likely supports continued proliferation. In addition, Rad51 directly interacts with, and appears in discrete nuclear foci with, the BRCA2 tumor-suppressor gene (Marmorstein et al., 1998; Venkitaraman, 2002) . Rad51 activation in mammalian cells is often characterized by relocalization of diffuse Rad51 protein into discrete foci in the nucleus, which could contribute to the novel events we detect here. BRCA2 mutant cell lines are characterized by a high degree of chromosomal instability (Venkitaraman, 2002) , and it is possible that elevated levels of Rad51 interfere with or overwhelm BRCA2 function during HR.
In summary, these data provide a direct association between elevated levels of Rad51 and genome instability, and support a link between elevated levels of Rad51 protein and chromosomal instability associated with tumor progression. Our observed effects of Rad51 overexpression are similar to several cancer predisposition syndromes, which are also characterized by increased levels of HR and genome instability. Separation of function studies with mutants of Rad51 will further define its roles in DNA strand exchange, and damage signaling to cell cycle checkpoints. This system provides the basis for determining the role of other proteins found in complexes with Rad51, and the relative importance of each in the maintenance of genome stability during the repair of DSBs in mammalian cells.
Materials and methods

DNA and cell lines
Human Rad51 cDNA (Morrison et al., 1999) was used to create the Rad51 expression vector pCBARad51, as described previously (Stark et al., 2002) . Parental ES cell line FN2 was created by targeting two defective neo genes, each containing the cleavage site for I-SceI, to pim-1 and Rb loci of E14TG2a cells, as described previously (Richardson and Jasin, 2000b) . Cells were grown on gelatinized plates in standard media supplemented with leukemia-inhibitory factor (LIF) at 10 5 U/ ml (Chemicon).
DSB induction and DNA analysis
In all, 1.6 Â 10 7 cells were electroporated at 250 V/950 mF. Electroporations were performed with 50 mg of the circular pCBASce expression vector alone, or with 40 mg of pCBARad51 expression vector, as indicated. Surviving cell percentage was determined 20 h postelectroporation, and G418 added (200 mg/ml). There was no obvious difference in survival with or without pCBARad51 transfection. G418 R colonies were scored and expanded 12 days later. Recombination frequency was calculated as the total number of recombinants recovered divided by the total number of viable transfected cells per sample. DNA extractions, Southern blot analysis, and PCR were performed as described previously (Richardson and Jasin, 2000b) . PCR products of breakpoint junctions were cloned with the TA cloning system (Invitrogen), and sequenced by the Columbia University Institute core-sequencing facility.
Western blotting
Cells were suspended in 100 ml of PBS and mixed with an equal volume of protein extraction buffer, 0.25 M TRIS (pH7.5)-0.25 M DTT. Following five rounds of freezing and thawing, samples were mixed with an equal volume of loading buffer, 0.1 M TRIS, 4% SDS, 0.2% bromophenol blue, 20% glycerol. Samples were separated on 10% SDS-PAGE gels and transferred to a Polyscreen PVDF membrane (Bio-Rad). The membrane was probed with anti-Rad51 IgG goat antibody that recognizes both mouse and human Rad51, which are 99% identical (C-20, Santa Cruz Biotechnology), or anti-a-tubulin (gift from R Parsons), and then with HPRT-conjugated mouse anti-goat secondary antibody (gift from R Parsons). Immunoblot signals were detected using an ECL reagent kit (Amersham/Pharmacia).
Immunofluorescence
Following electroporation, 2 Â 10 6 cells were seeded on gelatinized coverslips in ES media until staining. All procedures were performed with cover slips in six-well tissue culture plates at room temperature. Cells were washed twice in 1 Â PBS, fixed with 3% paraformaldehyde for 15 min while rocking, permeabilized with 0.2% Triton-X for 15 min while rocking, and then incubated in 1 g dry milk in 20 ml 1 Â TBS (10 mM Tris pH 7.5/150 mM NaCl) for 30 min while rocking. Following the removal of blocking solution, coverslips were incubated in anti-Rad51 (C-20, Santa Cruz Biotechnology) goat polyclonal IgG antibody (100 ml/cover slip, 1 : 200 dilution in blocking solution) for 2 h. Coverslips were then washed 3 Â with TBS-T (10 mM Tris pH 7.5/150 mM NaCl/ 0.05% Tween 20). Coverslips were incubated in swine antigoat Ig-FITC (50 ml/slide, 1 : 500 dilution in blocking solution; Santa Cruz Biotechnology) for 1 h. Coverslips were washed 3 Â with TBS-T. Coverslips were mounted using DAPI II : Antifade solution (1 : 5 dilution; Molecular Probes Inc.). Samples were analysed under 60 Â oil-immersion fluorescent microscope.
Chromosome analysis
For FISH, chromosome metaphase spreads from individual clones were made as described previously (Richardson and Jasin, 2000b) . Metaphases were hybridized to whole-chromosome mouse chr.14-FITC and chr.17-Cy3 probes (VysisCambio), counterstained with DAPI-antifade mounting medium (Vysis), and visualized by epifluorescence microscopy at the Columbia University Microscopy core facility. For spectral karyotyping (SKY), at least 20 spreads were analysed by the Columbia University SKY core facility using the Applied Spectral Imaging software.
Abbreviations DSB, DNA double-strand break; ES, embryonic stem; STGC, short-tract gene conversion; LTGC, long-tract gene conversion; NHEJ, nonhomologous endjoining; chr.14, chromosome 14; chr.17, chromosome 17; FISH, fluorescence in situ hybridization.
